ABSTRACT: We studied the factors affecting the selectivity of peptidomimetic inhibitors of the highly homologous proteases matriptase and matriptase-2 across subpockets using docking simulations. We observed that the farther away a subpocket is located from the catalytic site, the more pronounced its role in selectivity. As a result of our exhaustive virtual screening, we biochemically validated novel potent and selective inhibitors of both enzymes.
■ INTRODUCTION
Proteases possess a broad range of functions in cellular processes, ranging from nonspecific digestive enzymes, maturation of peptidic hormone precursors or growth factors, tissue remodelling, or activation of specific zymogens. Therefore, deregulation or mutations of proteases can have critical consequences on physiological processes. Proteolytic enzymes have been classified in different families depending on their catalytic mechanism and homology. 1 Serine proteases account for almost one-third of all proteases. 2 The S1 serine protease family contains the catalytic triad histidine, aspartate, and serine. We focused on the S1A subfamily, which includes members of the novel family of type II transmembrane serine proteases (TTSPs). 3 TTSPs are mostly found at the plasma membrane with an intracellular N-terminal domain, a transmembrane domain, and an exposed extracellular stem region composed of up to 11 structural domains terminated by a C-terminal catalytic domain. 3 TTSPs are further divided into four subfamilies: the human airway trypsin-like protease/differentially expressed in squamous cell carcinoma (HAT/DESC), hepsin/transmembrane protease/serine (TMPRSS), corin, and matriptase. Matriptase (also known as ST-14 for suppressor of tumorigenicity 14 protein) is one of the most studied members of his subfamily, followed by matriptase-2 (also known as TMPRSS6).
Matriptase is expressed in epithelial cells as a zymogen 4 and needs to be activated. It undergoes spontaneous hydrolysis of a peptide bond at the Gly 149 in the SEA domain. The protease is then autocatalytically processed and activated following cleavage at Arg 614 within the RQAR 614 -VVGG activation sequence. 4 In physiological conditions, matriptase-2 is exclusively expressed in the liver initially under zymogen form. Matriptase-2 undergoes autocatalysis at Arg 576 within the PSSR 576 -IVGG sequence located in the consensus activation site of its pro-domain. 5 A tight regulation of matriptase by its endogenous inhibitor (such as the hepatocyte activation inhibitor 1, HAI-1), among others, plays a crucial role in placental development, neural tube closure, 6 and epithelial barrier homeostasis. 7 In past years, several studies have shown that a deregulation of matriptase can lead to various pathologies. Matriptase is thought to be implicated in osteoarthritis by initiating and inducting cartilage destruction. 8 Additionally, a mutation in matriptase has been shown to be implicated in autosomal recessive ichtyosis with hypotrichosis (ARIH), 9 a rare skin disease. Several studies have also shown that matriptase is upregulated in different types of epithelial tumors 10−12 but not mesenchymal-derived tumors. It has also been shown that matriptase can cause a malignant transformation in mice when orthotopically overexpressed. 13 Finally, it has been demonstrated that matriptase has the ability to cleave and activate the hemagglutinin precursor of the H1 14, 15 and H9 subtypes 16 of influenza virus, which is an essential step in viral replication. Accordingly, treatment with matriptase inhibitors has been shown to reduce viral replication. 15, 16 Matriptase-2, on the other hand, is important for iron regulation. 17, 18 The protease negatively regulates the expression of hepcidin, an important regulator of iron homeostasis 19 via cleavage of hemojuvelin from plasma membranes. 20 A number of studies have shown that mutations in the TMPRSS6 gene lead to iron refractory iron deficiency anemia (IRIDA). 21 At the other side of the spectrum, iron overload is a condition defined by an increase in total body of iron of more than 5 g caused by a number of factors and leading to different illnesses. 22 Thus, modulation of matriptase-2 activity could be exploited as a therapy in these conditions. 23, 24 Considering these pathologies, both matriptase and matriptase-2 appear to be relevant therapeutic targets for a number of diseases. As a result, in recent years, several groups have reported different classes of inhibitors via diverse strategies 23−31 including virtual screening. 32 Among these, our group exploited the autocatalytic cleavage sequence of matriptase, flanked by a ketobenzothiazole serine trap, to produce high potency matriptase inhibitors. 15, 28 The optimization of a high selectivity profile against other proteases of the same family is often a major challenge when developing protease inhibitors. To achieve this goal, the molecule must exploit differences between the target binding site and those of other similar proteases.
We report herein the use of docking simulations to tackle the problem of selectivity between matriptase and matriptase-2 inhibitors. Toward this end, we performed a large scale docking experiment with 8000 different peptidomimetics against both proteases. The compounds are of the same type as our previously developed inhibitor 28 containing a tetrapeptide with arginine in position P 1 linked to a ketobenzothiazole serine trap group. The 20 natural amino acids were used to create all 8000 possible combinations at positions P 4 , P 3 , and P 2 . Our docking results led to the identification of new potent matriptase-2 inhibitors with improved selectivity against matriptase, as well as novel matriptase inhibitors selective against matriptase-2. The docking results provided a tool to analyze selectivity between matriptase and matriptase-2, shedding light into the factors affecting molecular recognition in these two very similar proteases.
■ RESULTS
Because there is no reported crystallographic structure of matriptase-2, a homology model was built using MODELER 33 and GROMACS 34 as described in the Methods section. The model is highly similar to the structure of matriptase (0.77 Å RMSD), which was used as a template (PDB ID 3NCL) given the high level (44%) of sequence identity of the two enzymes. Figure 1 ). The coordinates of the homology model are provided as SI.
It has been previously shown that protein flexibility plays a key role in docking simulations, especially in cross-docking studies and homology models. 35 Our docking method FlexAID 36 uses a probabilistic approach to account for rotamer changes upon ligand binding on-the-fly during each simulation using a rotamer library. 35 28 with a K i of 0.011 ± 0.004 nM for matriptase 28 and 300-fold selectivity against matriptase-2 (sequence RQAR in Table 1 ). We performed docking simulations with a library of 8000 different compounds representing all the possible permutations of natural amino acids in positions P4, P3, and P2 (inset Figure 1) , with the goal of identifying potent and selective inhibitors for matriptase-2 and to better rationalize the structural tenants of potency and selectivity between the two proteases. Additionally, it has been shown that arginine in P 1 is the favored amino acid in matriptase and matriptase-2, 28, 37, 38 for this reason the P 1 arginine moiety was kept constant. Given the probabilistic nature of the genetic algorithm based search procedure used in FlexAID, we made 20 independent docking simulations covering 10 6 energy evaluations. This choice of parameters provided 93% accuracy in the prediction of binding poses in the presence of side chain flexibility in the target. 39 Each binding pose was rescored with MM/GBSA, 40 and the best one out of the 20 simulations was kept for further analysis. MM/GBSA rescoring was shown to yield better results than most scoring functions in finding the correct binding conformation and binding free energy. 41 The MM/GBSA scores of all 8000 compounds docked against matriptase and matriptase-2 can be found in SI.
Agreement between Docking and Experimental Results. Recently, Wysocka et al. 38 reported the substrate preferences of matriptase-2 using a fluorescence functional assay deconvoluting mixtures of fluorescent tetrapeptides. In particular, the authors measured the average activity of matriptase-2 for arrays of molecules of the form IP 3 XR for 19 different natural amino acids (all but Cys) in position P 3 averaged over the same 19 possibilities in position P 2 denoted by X. We extracted the fluorescence intensity values per second as reported by the authors ( Figure 1B in Wysocka et al. 38 ), then calculated the average MM/GBSA Z-scores over the same 19 amino acids for each possibility at position P 3 ( Figure 1 ).
We obtained a statistically significant linear regression with R = 0.71 (p-value 2.16 × 10
−3
). Somewhat surprisingly, while Gln and Ala behave in our docking simulations like other polar or hydrophobic residues, respectively, these two residues give no signal for Wysocka et al., 38 irrespective of the amino acids present in position P 2 . Lastly, Arg is the preferred residue on average at position P 3 in IP 3 XR but second best after Trp in our docking simulations. Considering the outlier nature of Arg and the uncertainty of the experimental results for Gln and Ala in P 3 as several compounds with these amino acids in position P 3 are active, 28, 37 these three amino acids were not taken in consideration when calculating the above linear regression. The above correlation represents the agreement between 361 in silico and experimental results. The high correlation gives us confidence in the quality of the docking simulations.
Average Subpocket Substrate Preferences. To determine the binding preferences for matriptase and matriptase-2 in each subpocket, we looked at the average MM/GBSA Z-score for the 400 compounds with a conserved residue at each position in P 4 P 3 P 2 R. For example, for a given residue at position P 4 , we averaged over all 400 combinations at positions P 3 and P 2 , or with a given residue at positions P 3 or P 2 instead and averaging over the remaining two positions in each case. For both matriptase and matriptase-2, we observed differences in the preferences across positions within each protein, as well as between proteins for given positions (SI, Figures 2 and 3 , respectively). The observed amino acid preferences within P 4 (SI, Figure 3 ) are in agreement with the in vitro results of Wysocka et al. 38 Our results also agree with those of Beĺiveau et al. 37 for the residues in P 4 (Arg, Ala, Glu, Leu, and Tyr) within P 4 QAR. However, our prediction that Arg is the preferred choice at P 4 agrees with that of Beĺiveau et al. 37 while Wysocka et al. 38 find Ile (second best choice in our study) as the best amino acid at that position. For position P 3 , Wysocka et al. 38 only tested compounds with Ile in P 4 , for which we have excellent agreement as shown in Figure 1 . Our results also generally agree with those of Beĺiveau et al. 37 who tested Glu, Ala, Leu, Tyr, and Arg as part of RP 3 AR. For position P 2 , Wisocka et al. 38 showed a large preference for Ala and to a smaller extent for Met. In our case, a preference for Lys and Arg is similar to the results obtained by Beĺiveau et al. 37 Differences in Substrate Preferences between Matriptase and Matriptase-2. The above average preferences can mask interesting differences that become apparent when looking at the preferred sequences of each protein. We compared the top 10% scoring compounds for matriptase and matriptase-2 and observed that there are distinct preferences among these (Figure 2 ).
At each position a number of amino acids is more readily accepted in matriptase or matriptase-2. For example, in position P 4 , Lys, Leu, Phe, and Trp are more prominent in top scoring compounds in matriptase. Differences are also clear for P 3 but less clear for P 2 . In a recent study, Maurer et al. 42 mutated matriptase-2, reintroducing in its binding site four of the five amino acids observed in matriptase (all but D663F in S4) and analyzed their effect on binding a number of small-molecule inhibitors showing the importance of these mutations in the 
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Brief Article dx.doi.org/10.1021/jm5015633 | J. Med. Chem. XXXX, XXX, XXX−XXX selectivity of compounds. The preference for hydrophobic and aromatic residues in P4 observed for matriptase in Figure 2 is in agreement with the results of Maurer et al. 42 Shannon Entropy of Subpockets and Druggability. The same analysis with a parallel plot can be performed to compare the top and bottom scoring compounds for matriptase (SI, Figure 4 ) and matriptase-2 (SI, Figure 5 ). We observed a larger variability in average MM/GBSA Z-scores for amino acids in P 4 than in P 2 . These results point to differences across subpockets in terms of the effect of different amino acids with respect to discriminating top from bottom scoring compounds. This suggests that the S 4 subpocket has a higher potential to be exploited in drug design than S 2 as different choices in the compounds at position P 4 lead to differences in activity while in P 2 the choice of amino acid has less effect.
Shannon entropy 43 provides a way to measure a specificity profile for each subpocket. Ranging from 0 to 1, the value determines the tolerance for different amino acids at a given position. A subpocket with Shannon entropy 0 can only bind one specific amino acid (high selectivity for this amino acids), while a Shannon entropy of 1 means no preferences toward the 20 amino acids. To evaluate the binding selectivity of each subpocket, we clustered the 8000 compounds using MM/ GBSA Z-score similarities. For each cluster, we calculated the Shannon entropy, as described by Fuchs et al., 44 for the molecules in each cluster at each position. In Figure 3 we show such plot for matriptase-2.
The three inner rings represent Shannon entropy values for each cluster at each respective subpocket as marked.
Molecule clusters split early into one cluster (11 o'clock arm) with good scoring molecules (outer ring) and the rest that splits into a cluster with poor scoring molecules (1 o'clock arm) and the remaining with average to poor scores. For all clusters, we have a decrease of Shannon entropy from P 2 to P 4 , with the most pronounced decreases in Shannon entropy observed for good scoring clusters in the 11 o'clock arm of top scoring molecules. Similar results are obtained for matriptase (SI, Figure 6 ). These results show that for compounds with similar scores, the two proteases tend to be less restrictive and can accommodate more amino acids at position P 2 , while there are fewer possible amino acids accepted at positions P 3 and P 4 . In summary, we observe differences between matriptase and matriptase-2 in terms of their amino acid tolerances at each subpocket. Position P 4 followed by P 3 and P 2 , respectively, have lower Shannon entropy, thus choices of amino acids at position P 4 and P 3 have a higher impact than at position P 2 . Fuchs et al. 44 introduced the concept of information entropy above and discussed it in the context of experimental substrate promiscuity. Our results agree with those of Fuchs et al. but provide a more complete picture given the additional data available computationally. Fuchs observes that different protease families have different patterns of Shannon entropy variations (promiscuity) across subpockets. In the present case, by using MM/GBSA scores we observe that both matriptase and matriptase-2, two members of the TTSP SA1 matriptase subfamily, behave similarly, with Shannon entropy decreasing as distance from the catalytic site increases. In other words, within this subfamily, our results suggest that the larger the distance from the catalytic site, the higher the ability of choosing selectivity-conferring amino acids in the nonprimed direction. The differences between matriptase and matriptase-2 come about despite the fact that the existing amino acid differences between the two binding sites are distributed throughout all subpockets.
Selective Inhibitors for Matriptase. To develop more insight on the contribution of different positions in binding and further validate our virtual screening approach, we experimentally tested the activity of a number of compounds with good MM/GBSA scores for matriptase containing a single alteration compared to RQAR. Seven compounds were selected and synthesized, with single alterations in P 2 (RQPR, RQYR, and RQFR), P 3 (RYAR and RRAR), and P 4 (LQAR and SQAR) relative to RQAR. All compounds were tested for in vitro inhibition of matriptase and matriptase-2.
In all cases, the compounds have higher specificity for matriptase (Table 1) . Among these compounds we find two new compounds, RQPR and SQAR that have very low K i for matriptase and 128-or 378-fold selectivity defined as the ratio of the K i for matriptase-2 by that of matriptase.
Another four compounds (WRER, RNPR, KNAR, and WCYR) were selected entirely based on having better MM/ GBSA ranks for matriptase (top 10%) compared to matriptase-2 (bottom 50%). Two of these compounds are selective for matriptase against matriptase-2 with a selectivity of 49 for RNPR and 60 for KNAR. While their K i are slightly worse than RQAR, they are comparable in both specificity and selectivity to many compounds related to RQAR by single alterations and provide novel venues for chemical modifications in the pursuit of lead compounds.
Selective Inhibitors for Matriptase-2. Four compounds (YYVR, LWWR, RLSR, and YKAR) with predicted higher specificity for matriptase-2 (top 10% rank) than for matriptase (bottom 50% rank) were experimentally tested. Interestingly, we found one compound (YYVR) that is 13 times more selective for matriptase-2 than matriptase and a second compound (LWWR) with 2-fold selectivity. One compound selected for matriptase is 8 times more selective for matriptase- 
(WCYR)
. YYVR and WCYR along with recent data on recognition of substrate residues in the P and P′ positions by these proteases 45 will serve as starting points to develop selective compounds of the TTSP family.
Docking methods are generally applied to three distinct but inter-related tasks. Namely, the prediction of binding modes (the structure of the ligand-protein complex), the discrimination of binders from nonbinders (virtual screening), and last, the prediction of binding affinities. Docking methods are notoriously bad at tackling satisfactorily these three problems simultaneously. 46 It is therefore interesting to note that there is a qualitative agreement (as shown in Table 1 ) between virtual screening ranks and binding affinities as well as quantitative agreement between averaged MM/GBSA scores and activities (as shown in Figure 1 ). In conclusion, the virtual screening led to the identification of potent and selective inhibitors of matriptase and matriptase-2 despite a high level of homology between the two binding pockets and provided insights into the subpocket preferences of each enzyme.
■ METHODS
Preparation of Ligand Structures. The 3D coordinates of the ligands with correct chirality were generated with Open Babel 2.3.0 47 using the SMARTS input format. The coordinates were exported in PDB format. The orientation of the ketobenzothiazole and the arginine in P 1 were fixed in a conformation mimicking that found in the thrombin inhibitor (0ZE) in PDB structure 1B5G for every compound.
Preparation of Protein Targets. The structure of the protease domain of matriptase (PDB code 3NCL) was obtained from the RCSB Protein Data Bank. 48 Hydrogen atoms and water molecules were removed from the structure. A homology model of matriptase-2 was built with MODELER. 33 Twenty different models were generated using basic parameters. The conformation with the best DOPE 33, 49 score was used.
Docking Parameters. Molecules were docked in each protein with the small-molecule protein docking program FlexAID. 36, 39 FlexAID uses a genetic algorithm to optimize the relative position of the ligand with respect to the protein as well as dihedral angles of the ligand and flexible residues (optimized using an exhaustive search with a rotamer library). The population size and number of generations used in the genetic algorithm were both set at 1000 for a total of 10 6 energy evaluations. The ligands were set as semiflexible. Arg in P 1 and the ketobenzothiazole group were set as rigid as well as all the peptide bonds. All side chain dihedral bonds were set as flexible. The carbon making the reversible covalent bond with the protein was fixed at a distance of 3.0 ± 0.1 Å of the catalytic Ser 805 to emulate the effect that the covalent bond would have in constraining the position of the ketobenzothiazole group within the binding site. Whereas this procedure only approximates covalent binding as it ignores the influence of developing a covalent bond on the structure of the binding site, it has been shown to be successful in a number of protein families and types of covalent ligands. 50 Target flexibility was restricted to binding-site side chains. Flexible residues were located based on the superimposition and detection of residues seen in different conformations in the binding sites of other matriptase structures: 1EAW with bovine pancreatic trypsin inhibitor (BPTI), 1EAX with the small molecule inhibitor benzamidine, 2GV6 with the small molecule inhibitor CJ-730, 2GV7 with the small molecule inhibitor CJ-672, and 3BN9 with a noncompetitive FAB antibody inhibitor. For each of the 8000 docked compounds, 20 different simulations were performed using our volunteer-based grid computing platform NRG@Home using the BOINC platform. 51 Each docking result was rescored with the MM/GBSA method as described below. FlexAID and the NRGsuite PyMOL plugin to perform and view on-the-fly docking simulations for the Window, Linux, and MacOS platforms can be obtained free of charge at http://bcb.med.usherbrooke.ca/flexaid. MM/GBSA Rescoring of Docking Conformations. All protein− ligand complexes were first energy-minimized with GROMACS 52 4.5.1 using the conjugate gradient algorithm in a TIP3P water box. For the proteins, AMBER03 force field parameters were used. For the ligands, general AMBER force field generated in Antechamber and converted to GROMACS formats by ACPYPE 53 were used. Partial charges were calculated with the Partial Equalization of Orbital Electronegativities (PEOE) algorithm by Gaisteiger and Marsilli. 54 All poses were then rescored with MM/GBSA using the HCT model effective Born radii.
Synthesis of Inhibitors. Inhibitors were synthesized using a combination of solid phase and solution synthesis methodologies. Intermediate 2 (SI, Scheme 1) was prepared as reported earlier. 28 Analogues 3a−s (SI, Scheme 2) were synthesized by standard solid phase peptide synthesis (SPPS) using the 4-chlorotrityl chloride resin. 28 Briefly, C-terminal anchoring of the first amino acid on the resin was performed in dichloromethane (DCM) in the presence of diisopropylethylamine (DIPEA). Tripeptide synthesis were pursued with standard Fmoc protected amino acid coupling, deprotected in basic conditions (20% piperidine/DMF) and in order to selectively couple the modified arginine 2 (SI, Scheme 1), last coupling was done using N-Boc-protected amino acid. Analogues 3a−s were cleaved from resin under mild acidic conditions (DCM/TFE or HFIP, see note in SI, Scheme 2). Tripeptides 3a−s and intermediate 2 were engaged in peptidic coupling reaction, followed by oxidization and acidolysis to give tetrapeptide compounds 5a−s based on the synthetic strategy described by Colombo et al. 28 Generally, compounds were obtained as a 3:1 mixture of epimers at the P1 position, 55 which were purified and separated by reverse-phase preparative high-performance liquid chromatography (prep-HPLC) above 95% purity (UV). Compound purity and identity were confirmed by UPLC-MS.
Inhibition Assays of Matriptase and Matriptase-2. Active recombinant human matriptase (amino acids 596−655) and matriptase-2 (amino acids 78−811) were expressed and purified as previously described. 27, 37 Proteases were active-site titrated with 4-methylumbelliferyl-p-guanidino benzoate (MUGB) prior to inhibition assays. Enzymatic assays and K i determination were performed at room temperature in an assay buffer containing 50 mM Tris-HCl, 15 mM NaCl, and 500 at pH 7.4 as described previously. 28 Then 1 nM of protease was added to a reaction buffer containing 0 nM, 10 nM, or 10 mM of inhibitors and 100 mM of a fluorogenic substrate (Boc-GlnAla-Arg-AMC), and proteolytic activity was monitored by measuring the release of fluorescence (excitation, 360 nm; emission, 441 nm) in a FLX800 TBE microplate reader (Bio-Tek Instruments, Winooski, VT, USA). If substantial inhibition occurred using a ratio I/E = 10, compound were treated as tight-binding inhibitors, and if inhibition occurs only at I/E > 10, compounds were treated as classical reversible inhibitors. For K i determination of tight-binding inhibitors, plots of enzyme velocity as a function of inhibitor concentration were fitted by nonlinear regression analysis to the Morrison K i equation. 56 For K i determination of classical reversible inhibitors, plots of enzyme velocity as a function of substrate concentration at several inhibitor concentrations were fitted by nonlinear regression to equations describing different model of reversible inhibition (competitive, uncompetitive, noncompetitive, and mixed model), and the preferred model was used for K i determination. All assays were performed at least three times in duplicates, and data are presented as mean ± standard deviation (SD). Nonlinear regression and statistical analysis were performed using GraphPad Prism version 6.02 for Windows (GraphPad Software, San Diego, CA, USA).
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